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a b s t r a c t
The demonstrated research work analyses the technoeconomic modelling and sensitivity analysis of the
available resources for the rural community in India. The various resources used in this study are solar,
wind, hydro, battery and utility grid-connected system. The usefulness of the on-grid system in the rural
sector is that excess amount of electricity produced through renewable energy sources (RES) could be
sold back to the utility grid. A total of 12 possible configurations of various resources with and without
a grid-connected system was analyzed for minimum Levelized Cost of Energy (LCOE) and Total Net
Present Cost (TNPC). Further, sensitivity analysis is accomplished for different sensitive variables to
understand the nature of the system for wider application in rural communities. The solar-windhydro-based utility grid-connected network is observed to be the best optimal configuration with a minimum value of LCOE of 0.056 $/kWh. The simulation results reveal that the effective utilization of RES has
been a cost-efficient and reliable system to the power supply in remote communities.
Ó 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams University
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-ncnd/4.0/).

1. Introduction
Electrical energy has a huge impact on a country’s overall
growth. Rapid urbanization and population growth have resulted
in a rise in per-capita energy consumption; as a result, the installation of energy sources must be expanded at the same rate across
the world. In most developing countries like India, fossil fuels con-
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tribute the maximum percentage of electricity generation to meet
the increasing demand. Coal-fired thermal power plants account
for 54% of total power generation, while RES, such as wind, hydro,
solar, etc., account for just 36.8 % of total power generation [1]. As
India is a fast-moving economy country globally, electricity
demand is likely to be increased. While the country has made significant progress in the energy sector in recent years, twenty-seven
million households still have lack of electricity, as well as around
seven hundred eighty million people depend on biomass for regular cooking. Electricity production through RES can play a critical
role in ensuring a steady supply of electricity in rural areas, which
also helps to meet the proposed emission reduction goal. To implement RES at large scale, there would be a problem of intermittent
behavior of these sources. The intermittent problem can be
avoided by configuring RES in hybrid mode in symbiosis with
one another. As the system allows for the reliable utilization of
all resources, hybrid renewable energy systems (HRES) have
become a more feasible substitute to meeting the world’s increasing electricity demand. Large research has been performed to pro-
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generating separate references for each phase. Instead of using
an abc/dq frame, the current work was built using numerous ab/
dq frames [23]. The system is created and tested in a Simulink
environment programme to demonstrate the effectiveness of the
proposed method. Solar PV and Fuel Cell in a hybrid energy system
are built for varied irradiation/temperature working conditions.
The case studies indicate that the technology feeds controlled
power into grids and loads to provide grid-side power stability.
According to the findings, unbalanced currents are also corrected
at the grid side. At grid-currents, the negative and zero sequence
components are greatly decreased. The author emphasises the
requirement of advance controllers while securing the reliablity
of renewable integrated power systems and supplementary controllers [24,25]. The author discussed the advancement of software
tools in power system modelling [26]. The detailed review of metaheuristics techniques in power system application is mentioned in
the Ref. [27], and the author’s implementation of the techniques is
reported in Refs. [28,29]. The economic dispatch problem can be
easily solved by the evolutionary algorithm techniques reported
by the author [30]. A complete study on the rural microgrid system
for optimum cost and optimum sizing are reported by the author
and suggested the importance of RES in rural communities
[31,32]. The study focused on minimizing total cost and minimizing environmental emission at remote and rural communities.
In a stand-alone microgrid system, a wind turbine supplied a
supplementary frequency control technique using the adaptive
intelligent approach [33]. Sanjay Kumar et al. presented the load
shifting approach for HRES using BBO and PSO techniques. The
authors reported that the COE could be reduced with the load shifting approach and found that the BBO algorithm has better results
than PSO [34]. In Ref. [35], the author presented the technoeconomic designing and environmental pollution assessment for
off-grid-connected HES of a rural village in Nigeria. The author proposed a new voting-based energy management approach for
energy management of HES for a small rural community. The
results indicated that the new proposed approach was costsaving, reliable, and environment friendly [36]. The paper presented the performance analysis of HES and concluded that the
pumped storage system was the best-storing technology in terms
of cost-saving [37]. The author studied environmental, energy,
and economic (3E) analysis for the optimum electrification in Morocco [38]. The practicality of off-grid HRES for wind-PV systems
was completely zanalyzed in this research paper for twenty-four
cities [38]. Nevertheless, the fluctuating behavior of RES makes
them uneconomical and untrustworthy if used as off-gridconnected HES to meet the load demand. Furthermore, on-grid
microgrid system has proven to be a wise option in rural sectors
to meet the electricity demand of people. Also, this allows for the
sale of excess electricity generated during off-peak hours. The storage technologies are also helpful in rural communities, where
microgrids are the only solution for electricity generation. This
research paper analyzed the modeling and sensitivity analysis of
a grid interconnected hybrid microgrid network based on the different factors discussed. The main contributions of the authors of
this research article are as follows:

vide various alternatives of HRES depending on the availability of
resources. Academicians have conducted assessments on various
groupings of HRES to fulfil the electricity demand in multiple locations around the world. For instance, the author described all the
parameters needed while constructing and implementing the
hybrid energy system (HES) like configurations, sizing, selection
criteria, control system, energy management, etc. [2]. The basis
on the accessibility of resources and the geographical areas, many
researchers used RES, storage technologies, and backup sources to
efficiently and effectively plan HRES in remote areas. The primary
objective of modelling microgrid system is optimal sizing and cost
minimization. S. Kumar et al. reported the sizing and resource estimation study of HES for rural areas of western Himalaya [3]. The
current study described the development of a feasible HES through
the different optimization techniques [4]. The author discussed the
various energy management techniques like load following, cycle
charging, and peak shaving approach used for the sizing analysis
of HES [5]. A microgrid is a type of paradigm consisting of generation and storing tools designed to supply electricity to rural sectors. Adam Hirsch et al. discussed the various key factors,
different renewable energy technologies, and vital issues in developing hybrid microgrids networks in remote and local communities [6]. In Ref. [7], the author reported the various software tools
in modeling microgrid structure, protection, controlling, and
energy management of microgrid in the Indian power market.
The author investigated the performance of HRES to overcome
the erratic behavior of RES for off-grid-connected systems. On
comparing the electricity generation through HRES, solar and diesel, the last one was the most expensive approach for electricity
generation [8]. The paper used MATLAB/SIMULINK to model,
design, and simulate the microgrid system and HOMER software
to optimize the system [9]. RES is configured into a HES to fulfil
the people’s electricity demand [10]. Because of their major
impacts, such as enhanced power system efficiency and reduced
fuel, and pollution costs, the introduction of RES into a power system has gotten a lot of attention worldwide [11]. In Refs. [12–14],
the authors observed that off grid-connected system was a costeffective, affordable, and environmentally-friendly choice for electrification in rural areas. An analysis of HES for rural electrification
found that they are cost-saving. If the hybrid system is gridconnected, the additional electricity produced can be marketed
in return to the grid [15]. The reduction of COE with a decrease
in peak demand is achieved by optimizing a grid-connected HES
by altering peak load while holding energy demand constant and
vice versa [16]. In the isolated HES, there would be a requirement
of energy storing technologies for the storing of extra electricity
produced through RES. The author reported the impacts of different storage technologies on the performance of the hybrid microgrid system and described the system’s sensitivity analysis [17].
The author predicted that pumped storage was the more reliable
as well as a cost-saving option for electrical energy storage [17].
The author emphasizes the comparison between multiple techniques for the improvement in voltage profile and better power
quality of the network [18]. Electricity pricing is a significant issue
in the power market. The author reported better techniques for
forecasting the electricity prices [19,20]. The author in Ref. [21]
predicted the techniques for reducing harmonic pollution and
improvingimproving the network’s power quality. There are many
parameters for the modelling of solar PV array in HES. The author
proposed the optimum technique to determine the feasible values
of the modelling parameters of solar PV array [22]. Unbalanced
loads connected to utility systems alter the grid’s power balance,
causing negative and zero sequence components in grid currents.
This work aims to offer an improved phase balancing approach
for grid inverter interfaced hybrid energy systems. Under unbalanced current conditions, the suggested approach is capable of

 In the rural communities, for the optimal planning of microgrid
networks, optimal sizing, as well as the cost minimization
approach are, developed.
 To rationalize the necessity of employing accessible RES in
remote communities of a small town in the Orissa state of India.
 To develop a feasible hybrid microgrid network isolated and
utility grid-connected hybrid microgrid system. As the
improvements of utility grid of excess electrical energy can sell
back to the utility grid.
2
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 To analyze the effects of multiple RES on the various cost values
such as net present cost, operating cost, and energy cost.
 To zanalyze the impacts of vulnerable variables on LCOE and
TNPC of hybrid green microgrid networks.

because of the ease of availability of solar, wind, and hydro renewable energy sources with real data and other information required.
The site has full of small rivers and streams. The main rivers flowing into the Sundargarh district are Brahmani and Ib. The small
town Hemgir is a mixed collection of residential, official, and
industrial loads. For a reliable power supply, a microgrid system
needs to be a plan for the selected location. The electrical load
demand for the system was discovered to be 2975 kWh/day, with
a peak load of 307 kW [39]. The daily electric load pattern for Hemgir town is shown in Fig. 1.

The different subsection of this article is organized as follows:
Section 2 gives the problem definition of this study. Section 3 presents the Input variables and resource components. The different
financial and technical constraints are discussed in Section 4. Ultimately, simulation results, related discussion, and conclusion are
described in Sections 5 and 6, respectively.

3.2. Resource components detail
2. Problem definition

The accessibility of different types of resources in the Hemgir
town has been recognized in the form of wind speed in (m/s),
streamflow in (L/s), and solar irradiations (kWh/m2/day). District
Sundargarh in Orissa state has an appropriate amount of solar irradiation and wind speed [40]. Therefore, these are suitable choices
for this location. A proper amount of solar radiation and wind
speed are necessary for electricity generation through solar and
wind resources. The average monthly solar radiation and wind
speed in the region was 5.01 kWh/m2/day and 3.31 m/s [41–42].
The monthly average profile for the solar radiation and wind speed
are presented in Figs. 2 and 3. The RES modelled in the proposed
system is solar, wind and hydro. For the power production through
wind turbine, a proper wind speed was required at the plant location so that necessitate amount of power production occred at the
location. Fig. 3 represents the wind speed for the twelve months of
a year. The average annual wind speed for the chosen location is
3.32 m/s. Without the proper wind speed, the wind turbine cannot
rotate and we cant generate the required amount of power at the
chosen site. The region is full of water streams and small rivers,
and Ib is the main river flow in town. The annual average streamflow of the region is observed to be 510 L/s.

The simulation for minimization of the cost of energy as well as
sizing assessment is performed by the HOMER software tool to
obtain the lowest TNPC and LCOE of the different system combinations. This software tool works on two algorithms, i.e., ‘‘grid search
and proprietary derivative-free algorithm for simulation” of all
optimal systems found for cost minimization system. The objective
function of the study is to minimize the LCOE and TNPC of the system expressed as [17]:

Min TNPC ¼

Min LCOE ¼

TAV
CRFðir ; np Þ

TAV
AES

ð1Þ

ð2Þ

TAV is the total annualized value calculated using equation (3),
which is the system annualized capital, maintenance, replacement,
and grid purchase value. CA,C, CA,OM, CA,R and CA,GP are the system
annualized capital, replacement, maintenance, and grid purchase
cost value, respectively. CRF is the capital recovery factor dependent on the actual annual rate of interest ir and project life np.
The actual annual interest rate is calculated from equation (5) with
value dependent on the rate of interest in and the yearly value of
the rate of inflation f. AES is the annual energy served to the load.

TAV ¼ CA;C þCA;OM þCA;R þCA;GP

4. Microgrid system components design
The different components used in this article are solar, wind,
hydro, battery, and converter. The modeling of various components
used in microgrid network has been described in the subsection as
follow:

ð3Þ

n

CRFðnp ; ir Þ ¼

i r ð1 þ i r Þ p
n
ð1 þ i r Þ p  1

ð4Þ

4.1. Solar PV generation

in  f
ir ¼
1þf

ð5Þ

Solar panels are useful for the generation of electricity by
absorbing solar rays. The solar output power is a feature of solar
panel rated capacity and solar derating factor. The solar array derating factor is a type of scale factor, considers the effect of different
losses that would decrease the power output of the solar module
than the expected ideal output value [43]. The output power
obtained from solar panels may be conveyed as [17]:

The other main parameter in microgrid formulation is taking
care of environmental emissions. Diesel is the main factor responsible for environmental pollution. With more usage of RES, the
environmental emission problem can be mitigated. In analyzing
RES and storage technologies in HES, certain assumptions are to
be considered in HOMER software. The technical and financial
aspects related to the problem are discussed in the next sections.



Powersp ¼ Ps Ds

3. Input variables and resource components

Ia



½1 þ ba ðTa Ta;STC Þ

Ia;STC

ð6Þ

where Ps is the rated capacity of the solar array (kW),Ds is solar derating factor (%), Ia is the incident solar radiation on solar array in
current time (kW/m2), Ia;STC is the incident radiation at standard test
condition (1 kW/m2), ba is the power temperature coefficient (%), Ta
is solar cell temperature and Ta;STC is cell temperature at standard
test conditions (250c). If the power temperature effect is negligible
in the modeling of the microgrid system, the output power can be
expressed as:

The different resources available at chosen locations are solar,
micro-hydro, wind, and utility grid systems. The different input
variables and resource components required for this study have
been described in the following sub-section.
3.1. Site detail and load data



The chosen site is a small-town named Hemgir, in district Sundargarh, Orissa, India, located at 220 .320 N latitude, 850 .220 longitude. The motivation for choosing this study location is mainly

Powersp ¼ Ps Ds

3

Ia

Ia;STC



ð7Þ
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Fig. 1. Daily load profile for the Hemgir town in Sundargarh.
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Fig. 2. Solar energy profile for all months in a year.
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Fig. 3. Wind speed profile throughout the year.

If we consider the non-linear behaviour of the solar PV module,
then the characteristics equation can be stated as [44]:

 Vspv þIspv Rsr

Vspv þIspv Rsr
ISPV ¼ Igen Is  e Ad Vtt  1 
Rshr

The different models of solar PV can be expressed with the following parameters as ISPV is the solar current, Igen is the photogenerated value of current, Is is dark saturation value of current,Vspv is
the solar PV voltage, Rsr is resistance in series, Ad is diode quality

ð8Þ

4
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whose density is higher compared with air. Because of the higher
density of water, the accessible electrical energy into a water flow
for a turbine is critically more than electrical energy generated
through a wind turbine. Hydro turbines could extract and seize
some part of the kinetic energy of a stream that pas through its
cross-sectional area. The electrical power output through the
hydro is expressed as [49]:

factor, Vtt is junction thermal voltage and Rshr is shunt resistance.
The solar power output of a hybrid system also depends on the
variable conditions and can be expressed as [45,46]:


Psolar ¼ Nsr Npr Pnominal



G

Gnominal




1 þ aT TP;actual Tnominal

ð9Þ

where Nsr as well as Npr are the number of solar PV modules in series and parallel, Pnominal is nominal power at testing step, G as well
as Gnominal are irradiance and standard nominal irradiance, aT is constant temperature value, TP;actual and Tnominal are the actual and nominal value of temperature.

PowerHT ¼

A wind turbine generates electrical energy by converting kinetic
energy into electricity. The electrical power produced through
wind systems at defined region dependent on various factors like
air density, wind direction, altitude of the site, nearby topography,
site temperature, etc. [47]. A power arc was used to simulate the
function of a wind turbine. The power curve is a graph concerning
energy output and wind speed at a particular hub height, as presented in Fig. 4. The wind turbine power output at a certain location at standard temp and press is expressed as [48]:

PowerWT;STP
Uhub ¼ Uan


v
Zhub p
Zan

4.4. Battery
Without grid-connected network, the extra electrical energy
produced through the RES can be stored in storage technology such
as a battery. If the energy produced (ET) is higher than the load
demand (EL), then the battery is charged, and the capacity of the
available battery bank at any point in time (t) during this procedure can be stated as [50]:



EL ðtÞ
gB
EB ðtÞ ¼ EB ðt  1Þ  ð1  ri Þ þ ET ðtÞ 

ð10Þ

gi

PowerWT ¼


q
PowerWT;STP

qa

ð14Þ

If the load requirement is higher than the energy manufactured
from RES, The electrical energy stored in the battery is useful to fulfil the load demand. In the battery discharge phenomenon, the battery bank capacity at time t is expressed as follows:

ð11Þ

where qa is air density at standard pressure and temperature
(1.225 kg/m3), A is cross-sectional area where wind flow (m2),
Uhub is the speed of wind at hub height of wind turbine (m/s), Uan
is speed of wind at anemometer height (m/s),Zhub is hub height of
wind turbine (m),Zan is anemometer height (m), vp is power law
exponent and q is the actual air density (kg/m3).. This equation
(6) was the output power equation of the wind turbine at standard
pressure and temperature. The actual performance of wind turbines
is expressed as the following expression [17]:



ð13Þ

where CL is the Betz limit for power withdrawal from flow water
(0.59), qHT is water density (1000 kg/m3), AHT is the hydro turbine
flow facing area (m2), and V is the instantaneous velocity over the
turbine flow facing area.

4.2. Wind generation

1
¼ qa AU3hub
2

1
CL qHT AHT V3
2

EB ðtÞ ¼ EB ðt  1Þ  ð1  ri Þ 


EL ðtÞ

gi


ET ðtÞ

ð15Þ

where EB ðtÞ and EB ðt  1Þ are the available energy (kWh) at a time
(t) and (t-1) respectively, ri is battery self-discharging rate, gi is
battery bank efficiency and gB is the inverter efficiency.
4.5. Converter
To convert the energy between AC and DC system, a converter is
needed in a hybrid microgrid system. It consists of the rectifier and
inverter assembly. The output power of a converter can be
expressed as [51]:

ð12Þ

4.3. Hydro turbine

Prectifier;output ¼ grectifier PAC

Hydro turbine operation is the same as of wind turbine principle except for the fact that hydro turbine works in the water,

Fig. 4. Power vs wind speed distribution curve.
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Pinverter;output ¼ ginverter PDC

ð17Þ

Table 2
Different technical details and assumptions parameters used in the study.

where grectifier is the rectifier efficiency,PAC is AC input power (kW),
ginverter is inverter efficiency and PDC is DC input power (kW).
5. Hybrid microgrid economics
The hybrid microgrid system economics include operational,
maintenance, capital and the replacement cost value of various
components comprized of a hybrid microgrid system. To install a
complete microgrid network, various parameters need to be taken
care of like labor cost, land cost, etc. The utility grid near Hemgir
town is connected to the microgrid network, and the LCOE
acquired from the grid was considered as 0.074 $/kWh [52]. The
financial cost values of various modules used in this study were
taken from local Indian distributors and manufacturers as shown
in Table 1: the technical detail and some assumptions considered
in this research paper are given in Table 2.

Parametrs

Value

Annual real rate of interest (%)
Project lifetime (Year)
Simulation time step (minutes)
Maximum annual capacity shortage (%)
Load factor
Random variability of load day to day
Random variability of load time step to time step (%)
Head loss

06
25
60
0
0.403
14.8 %
20.01
15 %

per year. The amount of carbon emission in the system was
observed to 429773 kg/year.
6.3. Scenario C: SPV, hydro, grid
In this case, no wind turbine is included in the network. The
optimal solution comprises of 200 SPV panels of 1 kW each, a
hydro unit of 92 kW, and 500 converters of 1 kW each with a
grid-connected network. The TNPC and COE of the network
observed to be 129,361 dollars and 0.058 dollar per kilowatt hour.
The total electrical power purchase from the utility grid was found
352,118 kW hour per year, and power sales to the utility grid were
found to be 143,908 kWh/year. The carbon emission in this system
was observed to be 131589 kg/year.

6. Simulation of different cases of hybrid microgrid
The proposed scheme for the microgrid system’s design for the
fulfilment of load demand is discussed in this section. Different
microgrid systems with grid-connected mode and without gridconnected are analyzed in this section. The best feasible solution
is observed in the comparison between different scenarios. Different cost parameters and the effect of sensitive variables on the
TNPC and LCOE of the system were analyzed in the HOMER software tool. The proposed scheme for the hybrid microgrid has been
simulated in HOMER microgrid software, with the available technical and financial constraints. Total 12 scenarios are tested in a simulation environment and observed for different cost and
environmental parameters. The results of the different combinations are expressed in Tables 3 and 4 and discussed in the undermentioned subsection.

6.4. Scenario D: SPV, wind, hydro, grid
This scenario consists of mainly three RES, i.e., solar, hydro and
wind. The most optimal solution contains 200 solar PV panels of
1 kW each, a wind turbine 50 kW, 92 kW of a hydro unit, and
200 converters of 1 kW each with a grid-connected network. The
TNPC and LCOE of the system were found to be 159,711 dollars
and 0.056 dollar per kilowatt hour, respectively. The total electrical
power purchase from the utility grid is 290,176 kW hour per year,
and power sales to the utility grid was found to be 205,690 kW
hour per year. The carbon emission in this system was observed
53395 kg/year.

6.1. Scenario A: SPV, grid
The optimal system combination comprises of 200 SPV panels
of 1 kW each and 200 converters of 1 kW each with unreliable
grid-connected. The TNPC of the system was found to be $
1280605, and LCOE is 0.092 dollar per kilowatt hour. The total electrical power purchase from the utility grid is 818,908 kW hour per
year, 72 % of the total electrical power generation, and the power
sales to utility grid were 15,164 kW hour per year. The carbon
emission for this combination found as 507966 kg/yr.

6.5. Scenario E: Wind, grid
The scenario consisting of a wind turbine with the utility gridconnected system. The most feasible solution contains 50 kW of
wind turbine with grid-connected network. The LCOE of the system was found to be 0.067 dollar per kilowatt hour. The carbon
emission in this system was observed 608080 kg/year.

6.2. Scenario B: SPV, wind, grid
6.6. Scenario F: Wind, hydro, grid
The most feasible solution consisting of 200 solar PV panels of
1 kW each, wind turbine 50 kW and 200 converters of 1 kW each
with grid-connected system. The TNPC and LCOE of the system
were $ 1,316,123 and 0.069 dollar per kilowatt hour, respectively.
The total power purchase from the utility grid is 720,409 kW hour
per year, and power sales to the grid is found to be 40,389 kW hour

The scenario contains wind and hydro turbines in the system,
and there is no solar system. The most optimal solution consists
of 350 kW of wind turbine and 92 kW of hydro turbine in the network. The TNPC and LCOE of the system were observed 837,873
dollar and 0.060 $/kWh, respectively.

Table 1
Financial cost values of various components used in microgrid system.
Components

Capital cost ($)

Replacement cost ($)

Operational and Maintenance cost ($)

Component Life

Solar [53,54]
Hydro [55]
Wind [47]
Converter [53,54]
Battery [53,56]

469.03
3055
997
65
216.78

469.03
3055
997
65
160.47

150
105
150
10
5

25 years
10 years
20 years
15 years
5 years
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Table 3
Complete elaboration of sizing as well as cost assessment of grid-connected various scenarios from A – G.
Scenario

A
B
C
D
E
F
G

Combination

SPV, grid
SPV, grid, wind
SPV, hydro, grid
SPV, wind, hydro,
grid
Wind and grid
Wind, grid, hydro
Grid only

Sizing of different components

Grid

Initial cost
($)

Operating cost
($/yr)

Net present
cost ($)

Cost of energy ($/
kWh)

PV
(kW)

WT

Hydro
(KW)

Converter
(kW)

Battery
(Qty)

200
200
200
200

–
50
–
50

–
–
92
92

200
200
500
200

–
–
–
–

On
On
On
On

106,806
156,656
129,361
159,711

91,822
90,701
52,552
48,821

1,280,605
1,316,123
801,149
783,805

0.071
0.069
0.058
0.056

–
–
–

50
350
–

–
92
–

–
–
–

–
–
–

On
On
On

49,750
352,005
–

79,324
38,008
80,355

1,062,723
837,873
1,027,204

0.066
0.060
0.074

Table 4
Details of sizing and cost assessment of off grid-connected different scenarios from H to L.
Cases

H
I
J
K
L

Configuration

Solar and battery
Solar, battery and wind
Solar, hydro, wind, and
battery
Solar, battery and
hydro
Hydro, wind and
battery

Various RES Sizing

Grid

Initialcost
($)

Operating cost
($/yr)

Total present
cost ($)

Cost of energy ($/
kWh)

PV
(kW)

WT

Hydro
(KW)

Converter
(kW)

Battery
(Qty)

1400
600
400

–
400
300

–
–
92

300
400
300

4000
2500
2500

OFF
OFF
OFF

796,100
636,200
529,255

250,114
179,694
133,274

3,993,391
2,933,297
2,232,943

0.288
0.211
0.161

1000

–

92

300

2500

OFF

541,555

176,675

2,800,059

0.202

–

450

92

–

6000

OFF

865,705

132,112

2,554,544

0.184

6.7. Scenario G: Grid only

6.11. Scenario K: SPV, hydro, battery

There is no RES connected to the system in scenario G. The grid
only meets the load demand, and the TNPC and LCOE in this system
were found to be $1027204 and 0.074 $/kWh. As there is no renewable energy source, the maximum amount of environmental emission observed in this system has a value of 686274 kg/year.

The scenario is consisting of solar PV, hydro turbine, and battery
in this system. The most feasible solution of the system consisting
of 1000 solar panels having 1 kW each, 92 kW of hydro turbine,
300 converters of 1 kW each and 2500 units of batteries. The value
of TNPC and LCOE in this scenario was found to be $ 2,800,059 and
0.202 $/kWh.

6.8. Scenario H: SPV, battery

6.12. Scenario L: Wind, hydro, battery

The scenario consists of only a solar PV panel and battery in this
system. There is no utility grid-connected to the microgrid network. The optimal configuration of the system consists of 1400
solar panels having 1 kW each, 300 converters of 1 kW each and
4000 batteries. The value of TNPC and LCOE in this scenario was
found to be $ 3,993,391 and 0.288 $/kWh. There is no utility grid
and generator connected to the system; therefore, very little or
negligible emissions are produced.

The scenario is consisting of a wind turbine, hydro, and battery
in this system. The most feasible configuration of the network consisting of 450 kW of wind turbine, 92 kW of hydro turbine and
6000 batteries. The value of TNPC and LCOE in this scenario was
found to be $ 2,554,544 and 0.184 $/kWh.
7. Results and discussion on multiple cases
The twelve cases discussed in the previous subsection are with
and without grid-connected system, i.e. A to G cases are gridconnected, and five are without grid-connected systems, i.e. H to
L. Also, the main parameters for system vitality are TNPC and LCOE.
It has been found that the minimum cost parameters obtained with
the on-grid system compared to the without grid-connected system. It has been found that scenario D is the least cost system
among all the scenarios with values of TNPC and LCOE were
observed $ 783,805 and 0.056 $/kWh, respectively. The one drawback of the grid connection system was atmospheric pollution, but
we can compensate for this factor compared to TNPC and LCOE.
Because cost minimization of the system is the vital objective compared with pollution. Three RES are available in the microgrid system, and the most optimal solution for meeting the load demand is
scenario D, consisting of RES with the utility grid. Tables 3 and 4
represent the techno-economic sizing and cost assessment values
of different scenarios A to L. As scenarios A to G are with on-grid,
therefore electricity purchase from the grid and sales to a grid

6.9. Scenario I: SPV, wind, battery
The scenario consists of solar PV, wind and battery in this system. The most feasible configuration of the network consists of
600 units solar panels having 1 kW each, 400 kW of wind units,
400 converters of 1 kW each and 2500 units of batteries. The value
of TNPC and LCOE in this scenario was found to be $ 2,933,297 and
0.211 $/kWh.
6.10. Scenario J: SPV, wind, hydro, battery
The scenario consists of solar PV, wind, hydro, and battery in
this system. The most feasible configuration of the network consists of 400 solar panels having 1 kW each, 300 kW of the wind turbine, 92 kW of a hydro turbine, 300 converters of 1 kW each and
2500 units of batteries. The value of TNPC and LCOE in this scenario
was found to be $ 2,232,943 and 0.161 $/kWh.
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would be two main factors involved in these scenarios. Table 5 presents the different configurations of grid-connected systems,
including grid sales and purchase, excess electricity, carbon emission and refractive index value.
As observed, there are no storage technologies in scenarios A to
G. Therefore, the extra electrical energy generated through the RES
could be sold back to the utility grid. Scenario D has been found the
best configuration, so all the calculations are made for scenario D.
Table 6 represents the energy output, i.e. energy sales and purchase for scenario D for a year. It has been observed from the table
that the maximum amount of energy purchased in the month of
June, i.e., 60,798 kWh, and the maximum amount of electrical
energy sold to the utility grid in the month of October, i.e.,
28,595 kWh. Therefore, we can say that the minimum amount of
electricity produced in June and the maximum amount of electricity produced in October through RES. The total annual energy purchased and sold was found to be 290,176 and 205,690 kWh. As
found from Table 6, in the month of January, the energy purchase
is less than energy sold, therefore excess of energy available there
in the month of January. Fig. 5 represents the variation in power
output in the month of January for scenario D. In the figure few
days of January are considered for the maximum visibility between
energy purchases and energy sales through the grid. The optimal
scenario obtained in the proposed system is scenario D. Fig. 5
shows the variations of primary load, electricity sales to grid and
electricity purchase from the utility grid. There were no storage
technologies in the proposed hybrid microgrid network; therefore,
the extra electricity produced through RES can be sold back to the
utility grid as presented in Fig. 5. Three different colors are seen in
the figure: blue lines for primary load, black lines for electricity
purchases from the utility grid, and red lines show the electricity
sold back back to the grid. Only a few days of January are considered in this pattern to get the maximum visibility between the
three curves. The components presented in the most economical
solution are SPV, wind, hydro, utility grid and converter. So, there
would be different cost values of different components in the system. The multiple cost includes operational, replacement, capital
and salve cost values. As the electricity generated through HRES,
the various amounts of power are produced through different components. Tables 7 and 8 show the different cost parameters and
electricity production of the components in scenario D. The value
of total cash flow for various RES is found in Fig. 6 for scenario D.
As observed, the total load demand was fulfilled through HRES
with the utility grid-connected, therefore the different amount of
power generated through different components in a month. Table 8
shows the power production through different components of scenario D. as found from the table, hydro is responsible for maximum
power production, i.e. 45%, followed by SPV, grid and wind (see
Fig. 7).
As scenario J was found to be the most feasible solution in without grid-connected mode having lowest TNPC and LCOE. This network consists of 400 SPV panels with 1 kW each, 300 kW of a wind

Table 6
Energy output of different months with purchase and sales of scenario.
Months

Energy to be Purchase (kilowatt
hour)

Energy to be Sold (kilowatt
hour)

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Annual

17,885
18,359
22,775
53,236
53,951
60,798
10,967
8425
7402
7294
10,877
18,209
290,176

19,812
15,649
17,302
6473
4228
2298
17,012
25,878
26,738
28,595
24,145
17,559
205,690

unit, 92 Kilowatt of the hydro unit, 300 converters of 1 kW each,
and 2500 unit batteries. The value of TNPC and LCOE in this scenario was found to be $ 2,232,943 and 0.161 $/kWh. In a gridconnected system, the excess electricity produced is sold back to
the grid, but this excess electricity could be stored in storage technology like batteries without grid-connected mode. The excess
electricity output in scenario J for the month of January is shown
in Fig. 8. The monthly average electricity generation by various
RES in scenario J is presented in Fig. 9.
After the analysis performed with and without grid-connected
system it has been found that utility grid-connected HRES is the
least cost system. Initially, the existing system does not include
any subsidies or tax reductions that are being examined for
deployment. The electricity cost per unit is higher than traditional
electricity per unit cost in rural areas due to the lack of tax and
subsidy reductions. As a result, several recommendations can be
explored for making the microgrid system more compatible with
the existing conventional supply system. Some policy interventions could be made to reduce the per-unit cost of electricity.
Indian government gives subsidies on the RES and some other electricity generating companies offer subsidies on solar, wind etc.
After the implementation of different subsidies of state and center
government, the electricity cost can be reduced. Furthermore, if the
various components used in the microgrid network would purchase in large quantities from the producer or manufacturer at a
minimum price owing to the huge amount of purchase, the initial
cost and energy cost will be cut even further.
8. Sensitivity analysis
According to the project site, this analysis has been done to find
the behavior of a system with the change in sensitive factors such
as streamflow, solar radiations, and wind speed. It is very necessary to do the sensitivity analysis with the sensitive variables.
We can not judge the performance of a microgrid system without

Table 5
Details of the configuration of grid-connected different scenarios.
Different
Cases

Configuration

Grid Purchase (kWh
per yr)

Primary load (kWh
per yr)

Grid Sales (kWh
per yr)

Excess electricity (kWh
per yr)

Carbon emission (kg
per yr)

Refraction
(%)

A
B
C
D

Solar, grid
Solar, grid, wind
SPV, hydro, grid
SPV, wind, hydro,
grid
Wind and grid
Wind, grid,
hydro
Utility Grid

819,808
720,409
352,118
290,176

1,085,784
1,085,874
1,085,874
1,085,874

15,154
40,389
143,908
205,690

0.00321
0.00597
0.00378
0.00376

507,866
429,773
131,589
53,395

27.9
38
72
78

946,069
235,080

1,085,784
1,085,784

1927
628,707

0.00253
0.00712

608,180
0

10.9
82.01

1,088,576

1,085,784

Zero

Zero

686,374

Zero

E
F
G
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Fig. 5. Variations of power output from scenario D with grid purchase and sales.

Table 7
different cost parameters of various RES.
S. No.

Component

CC

RC

OC

Salvage

Total

I
II
III
IV
V
VI

Solar
Wind
Hydro
Utility Grid
Converter
Total

93,807
49,850
3054
0
13,000
159,711

0
15,544
2657
0
5424
23,626

383,502
95,873
1342
104,260
25,568
610,545

0
8711
356
0
1010
10077

477,307
152,557
6700
104,260
42,982
783,806

8.1. Sensitivity analysis to streamflow

Table 8
Electricity production through various RES.
S. No.

Generation

Kilowatt per year

%

1
2
3
4
5

SPV
Wind
Hydro
Grid Purchase
Total

313,480
123,725
595,496
290,176
1,322,876

24
9
45
22
100

In this study, hydro is used for electricity production, and the
water flow is a significant factor for electrical energy generation
through a hydro source. In this research article, the flow of the
stream varies as 510–1000 Litre per second and the pattern of
TNPC and LCOE have been observed in Fig. 10. As the simulation,
the result shows that the LCOE varies from 0.056 to 0.041 $/kWh
with a rise in streamflow, and the value of TNPC varies from $
783,805 to $ 563,378. It is observed from the figure that with the
rise in streamflow, the value of LCOE and TNPC decreases and vice
versa. Hence it can be said from the pattern obtained that minimized value of net present cost and the cost of energy will be
obtained at higher water flow values.

a complete analysis. The optimal system found in this study is the
interconnection with the utility grid; hence the sensitivity analysis
would be zanalyze on-grid connect system as follow (see Table 9):

5

10

5

Cash Flow Summary

Total Net Present Cost ($)

4

3

2

1

0
Solar

Wind

Hydro

Grid

Fig. 6. Cash flow summary for the total cost of the scenario.
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Fig. 7. Monthly average electricity production.

Fig. 8. Excess electricity power output without grid-connected mode.

Fig. 9. Monthly average electricity production.

Table 9
various sensitive variables with various values.
Parameter

Hydro

Wind

Solar

load

Sensitive Parameter
Values

Streamflow
1000, 900, 700, 510

Speed
7, 6.5, 5, 3.31

Radiations
5.01, 7, 9, 10

Average electric load
2975, 4000, 5000, 6000

on the TNPC and LCOE. The results suggested that solar rays also
have an inverse effect on LCOE and TNPC as the same pattern in
the case of streamflow. The net present cost and cost of energy pattern with the variations in solar rays have been presented in
Fig. 11.

8.2. Variability of cost parameters with solar rays
The electrical energy production through solar PV depends on
thenumber of solar rays. The values of solar rays vary as 5.01–10
Kilowatt per meter square per day, and the effects of this assessed
10
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Fig. 10. Effects of Stream/Water Flow on cost parameters.

Fig. 11. Effects of Solar Rays on the cost parameters.

Fig. 12. Effects of the speed of Wind on cost parameters.

3.31–7 m per second. The figure shows the repetition of LCOE
and TNPC with the escalating value of wind speed. Both the values
decrease with an increase in wind speed, as found from the cost
pattern obtained in Fig. 12.

8.3. Sensitivity analysis to wind speed
For electricity production through wind turbines, wind speed is
the main factor. The scaled average value of wind speed varies as
11
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Fig. 13. Variations of different cost parameters to change in electric load.

Fig. 14. Cost of energy behaviour with the variations (%) in the sensitive factors.

gested that wind speed is the parameter that maximum affects
the energy cost of the microgrid network. From the calculation, it
has been found that approximately 40% change is observed in
the case of a wind speed change compared to 14% of solar radiation
and 26% in streamflow. Therefore, a steep decrease in energy cost
was observed, as seen in Fig. 14.

8.4. Variability on the cost parameters with variation in electric load
Besides different sensitive parameters such as wind speed,
streamflow, and solar radiation, this study also assessed the behavior of system net present cost and the cost of energy with the variations in the electric load of the system. The value of load demand
varies as 2975–6000 Killiwatthour per day. It has been found that
both the cost values increase with the increase in electrical load,
unlike another sensitive variable. One significant finding is that
with the rise in average electric load, the TNPC of the system has
a quick-rising, but LCOE is not increasing with that speed. The
net present cost and cost of the energy pattern of the system has
been presented in Fig. 13.
With the complete analysis of different sensitivity factors on the
system cost parameters, i.e. net present cost and cost of energy, it
can be concluded that with the rise in values of solar rays, speed of
wind and water flow, the system cost will be decreased simultaneously. The pattern obtained of the system cost will be different in
the case of variations of electric load profile that system cost value
increases with the increase in electric load. It has also been sug-

9. Conclusion
This research paper investigated the techno-economic practicality and sensitivity assessment of the hybrid microgrid system.
The optimal solution found in this study was a utility gridconnected microgrid network, including RES. The cost of energy
for the utility grid-connected system was observed to be 2.88
times minimum than isolated microgrid network. Total twelve
cases investigated for the lowest cost of energy and found the least
cost system for the rural communities. After the sensitivity analysis of hybrid microgrid with sensitive parameters, it has been
noticed that as the values of solar radiation, wind speed and
12
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streamflow increase, the cost of energy and total present cost of
the system decreases. The pattern for the cost of energy and the
total present cost was found to be different in the case of variation
in electric load. Not only total present cost but also cost of energy
increases tremendously with the increase in electric load demand.
It has also been found that wind speed was the most sensitive factor among all the RES employed in this study. The suggested microgrid network meets the electricity demand for a rural town and
creates job opportunities in remote areas. The proposed study also
suggested better planning future microgrids in rural and remote
hilly locations, where electricity supply is difficult to reach and
high transportation charges occur there. Some drawbacks of this
study are that sometimes utility grid resynchronization can be creats difficulty if there are unavailability of microgrid controlling
equipments. Many times, electrical energy needs to be stored in
batteries which creates space and maintenance problems in the
system. In future research, some storage technologies can be integrated into the replacement of batteries so that electricity storage
problems can be mitigated, with lesser maintenance. System planners should consider distributed energy resources and microgrids
as a valuable option for lower-cost grid networks in the power
industry.
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